Mutarotation of sugars causes distorted and splitted peaks in liquid chromatography. The shape of the elution profile is affected by the different anomeric and isomeric forms in solution. The rate of interconversion between the different forms relative to the propagation velocity in the column determines the extent of the distortion. This interplay of interconversion reaction and chromatographic separation was examined both experimentally and theoretically. Elution profiles resulting from pulse injections of glucose and fructose solutions at different flow rates and temperatures were analyzed both qualitatively and quantitatively. Adsorption equilibrium and reaction kinetic parameters were estimated by a simple fitting procedure, based on peak elution times and area ratios obtained from the analysis of the experimental profiles. To enhance the accuracy of the model parameters further, estimated reaction kinetic parameters were provided as an initial guess for inverse fitting to elution profiles, using a numeric mass balance model. Simulations with the numeric model, based on the enhanced parameters, allowed a very precise description of the experimental profiles. Accuracy of the fitted parameters was further confirmed through comparison with literature values. Reaction rate constants for the adsorbed phase were calculated and interpreted based on apparent rate constant values determined in this work, and on literature data for aqueous solutions.
Introduction
Due to the molecular similarity of different sugars, their purification is somewhat demanding. Both analytical and preparative separation is commonly achieved by chromatographic processes on polystyrene-divenylbenzene resins [1] [2] [3] [4] . The interaction involves complexation between the analyte and the fixed metal cations on the resin as well as size exclusion mechanisms. These are affected by the type of cation bound to the resin, the degree of cross-linking as well as the size of the particles [5] [6] [7] .
The ligand-ligand interaction between sugar and metal cation depends also on the structural form of the sugar [4, 5, 8] . Different isomeric and anomeric forms therefore result in different residence times in the column. If the interconversion between the different forms is slow, which is the case at low temperatures, they can be separated completely. On the contrary, at high temperature the interconversion speeds up and the peaks are distorted until they coalesce, which occurs when the reaction equilibrium is reached fast enough to prevent separation between the different forms [8, 9] .
One of the first to discuss equilibrium reactions in chromatography, as a cause for distorted peak shapes and multiple peaks in elution profiles, were Keller and Giddings [10] . The interplay between the reaction kinetics of sugar interconversion and chromatographic separation was described in a qualitative manner by Goulding [11] . Different models were developed to quantitatively describe the observations. Apart from models based on component mass balances [9] , which are most commonly applied in the context of chromatography, also stochastic models for first order reactions were reported by Giddings [12] and Keller and Giddings [10] . The developed models and the gained physical understanding were later employed to determine reaction kinetic parameters. While Carta and Mahajan [9] used an inverse fitting method based on a numerical mass balance model to obtain apparent reaction rate constants, Trapp derived analytical equations for peak and plateau heights from the stochastic model [13] [14] [15] . An even simpler method for the determination of apparent reaction rate constants [5, 8] , which will also be applied in this contribution, is based on a simple analysis of the change of peak areas over time.
In most contributions, the values obtained for the apparent reaction rate constants in the chromatographic column were either accepted as they were or compared with literature values for reaction rate constants or activation energies in aqueous solution [8, 9] . Rarely, an attempt was made to investigate the effect of the sorbent on the reaction rate and to describe possible differences between values in liquid and adsorbed phase [5] .
In the spirit of the work of Carta et al., this contribution presents a quantitative analysis of the interplay of adsorption and mutarotation of fructose and glucose. The resin CK08EC from Mitsubishi (8% cross-linking, Ca-form, particle size 9 m) used for this study has similar chemical properties as the one used by Carta et al., but smaller particle size. Differences can also be noted in the approach of fitting adsorption and reaction kinetic parameters: While Carta et al. apply an inverse fitting procedure (of all parameters, separately for each experimental condition), the current contribution in a first step performs a parameter estimation using the simple and fast fitting method based on the analysis of peak areas, similar to the approaches proposed by Baker and Himmel [5] and Nishikawa et al. [8] . This method provides also a deeper understanding of the effect of mutarotation on chromatographic elution profiles. In a second step, the estimated values for reaction kinetic parameters are provided as an initial guess for an inverse fit to a series of experimental results (at different flow rates and temperatures), using a numerical mass balance model. With the enhanced parameters, a very good agreement between simulations with the numerical model and experimental elution profiles is achieved. Accuracy of the estimated parameters is confirmed further through a comparison with literature data. Differences between adsorbed and liquid phase reaction rate constants were quantified through a comparison with kinetic data for aqueous solutions from the literature, which also allows to draw conclusions on the effect of the sorbent on interconversion.
This paper is structured as follows. Section 2 aims at providing the reader with the background on mutarotation, the applied chromatographic model and the peak area method used for an estimation of reaction kinetic parameters. In Section 3 the experimental procedure is described. Section 4 presents the experimental and modeling results. Experimental profiles are presented and discussed in a qualitative way in Section 4.1. Through a simple analysis of shape, elution times and peak areas of the experimental elution profiles, relevant model parameters (apparent dispersion coefficient in Section 4.2, adsorption parameters in Section 4. Further confirmation of the model parameters is provided in Section 4.5 through a comparison of experimental and simulated elution profiles. Additionally, reaction rate constants for the adsorbed phase are calculated and the effect of the resin on the kinetics is discussed (Section 4.6). Finally, conclusions are drawn in Section 5.
Theoretical background

Mutarotation and adsorption of glucose and fructose
The term mutarotation refers to the interconversion between different structural forms of a sugar molecule. The rate of such interconversion has an effect on the peak shapes in chromatography.
For glucose, there are two different anomers in solution, ˛-anď -glucose, whose structures differ in the orientation of the hydroxyl group on the C-1 carbon. Equilibrium between the two forms can be assumed to be temperature independent within the range considered in this work, with a ratio between the prevalent ˇ-form and the ˛-form of N eq /N eq = 1.72 in water [5, 16] ; note that N eq i is the . Equilibrium composition of fructose over temperature using data from Shallenberger [17] (in light shades of red and blue) and Angyal [18] (in dark shades) for aqueous solutions. Diamonds and circles indicate pyranose and furanose forms, respectively, blue and red symbols denote ˛-and ˇ-forms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
mass or mole amount of species i at equilibrium. The fraction of a third open-chain form present at equilibrium is negligible (below 1%). Fructose forms four different structures, five(furanose)-and six(pyranose)-membered ring forms, which form each two different anomers. As for glucose, the presence of a fifth open-chain form is negligible. Proportions of the different forms at equilibrium in water as a function of temperature are shown in Fig. 1 . It can be noted that the ˇ-pyranose form is predominant, but its fraction at equilibrium decreases with increasing temperature, while the fraction of the two furanose anomers increases. Due to its low occurrence, the ˛-pyranose form will be neglected in this work. We further introduce a relationship, linearly depending on temperature, for the equilibrium amount of ˇ-pyranose with respect to the sum of the amounts of the two furanose forms, which was fitted to the literature data in the experimentally relevant range (0-31 • C):
with T being the temperature in Kelvin. In chromatography, using ion-exchange PS-DVB resins, the different glucose and fructose forms can be separated due to different affinities with respect to the cationic ligands. In the case of glucose, the ˛-form is more retained than the ˇ-form, while for fructose, the ˇ-pyranose form is more retained, and the two furanose forms co-elute. In the following, we will refer to the less retained (first eluting) form as form 1 and denote the more retained form as 2. Note that for fructose, due to the discussed co-elution, the two furanose forms are considered as one and the same form 1.
Mass balance model
The differential mass balance in a chromatographic column for a structural form i, which is at adsorption equilibrium but undergoes a chemical reaction (equilibrium dispersive model [19] ) reads ∂c i ∂t
with u being the superficial velocity, z the axial coordinate along the column and t the time. The apparent dispersion coefficient is designated as D a . Note that the same apparent dispersion coefficient is assumed for all structural forms of one sugar, but different coefficients are assumed for glucose and fructose. A detailed discussion of the apparent dispersion coefficient is reported in Section 4.2. The last term, R i , represents the net rate of change in overall concentration (in liquid and adsorbed phase together) of the form i due to the chemical reaction.
The thermodynamic equilibrium between adsorbed and liquid phase is described by a linear adsorption isotherm, accounting for the temperature dependence according to Van't Hoff's law [20] , which corresponds to the equilibrium composition in the liquid phase as discussed in Section 2.1. Furthermore, considering the adsorption equilibrium defined in Eq. (4), one obtains:
Using Eq. (9) in Eq. (7) for form 1 yields:
Substituting Eq. (4) and (7) into Eq. (2) and transforming it into dimensionless form yields:
with the following dimensionless variables
In these equations, L is the length of the column, t r the residence time, i the density of the species i and u F the superficial feed velocity. As we assume constant velocity in the column u = const. = u F , thus = 1. The system of partial differential equations (Eq. (11)) was solved by employing a semi-discrete finite volume discretization scheme with a van Leer flux limiter [21] . The spatial discretization results in a system of ODEs with respect to time, which was solved by a built-in Matlab ODE-solver (ode113). Pulse injections were handled as a Riemann problem with the following initial and boundary conditions:
2.3. Fitting procedure for rate constants: peak area method
In this contribution, a simple, computationally inexpensive fitting procedure for the rate constants k app i is applied. This method is based on a thorough analysis of experimental elution profiles, relating the impact of reaction kinetics to the evolution of peak areas over time.
A typical elution profile is illustrated in Fig. 2 . Such profile can be subdivided into three parts, namely the two peaks and the intermediate mixed zone, which connects the two peaks. The peaks can be associated with the amount of unreacted molecules N u i of species i (species 1 and 2 corresponding to the green and red area in Fig. 2, respectively) . Each of the two structural forms i moves with a characteristic propagation velocity i through the column, which is determined by its retention behavior. Consequently, the unreacted molecules elute at a characteristic retention time t R i (diffusion and mass transfer effects result in a Gaussian shape around t R i ). The intermediate area between the peaks can be ascribed to the amount of molecules N r having reacted (once or multiple times) from one form to the other. The retention time of reacted molecules is an average of the characteristic retention times of the two anomers, weighed by the relative time spent as one or the other of the two structural forms while propagating along the column [10, 14, 15] . It is obvious that the total amount of molecules N tot (i.e. injected amount), equals the sum
+ N r , and corresponds to the total area under the elution profile.
With increasing residence time, the amount of unreacted species decreases exponentially, according to the following first order decay function, which is obviously associated to the first order kinetics of Eqs. (5)-(7) [14, 15] :
where N 0 i is the initially injected amount of species i, which can be obtained knowing the overall injected amount N tot and the equilibrium composition of species 1 and 2, taken from the literature and discussed in Section 2. , and thus use experimental data obtained for both species 1 and 2 to fit the reaction rate constant of one species only.
Experimental procedure
The experiments were carried out on a modular HPLC unit (Agilent Technologies 1200 Series) equipped with a quarternary piston pump, an auto injector and a column compartment. The fluid phase is heated up (or cooled down) before entering the column by flowing through a heat exchanger. The temperature (set in the HPLC control software Agilent ChemStation A.02.10) was varied between 0 and 80 • C. These extreme temperatures are unlikely to be reached at the column, thus the actual temperature of the column was measured with a thermocouple placed directly in the middle of the column, onto the column wall. In the following, we differentiate between "set temperatures" (between 0 and 80 • C) and "measured temperatures" (between 11 and 72 • C). For detection, an RI-detector (Agilent Technologies, G1362A) was used.
The experiments were performed on a column (7.8 mm× 300 mm) packed with a PS-DVB resin (CK08EC from Mitsubishi, 8% cross-linking, Ca-form, particle size 9 m). The porosity of 24.7% was determined by injection of dilute calcium chloride (Merck, Calcium chloride dihydrate) aqueous solution with a concentration of 0.1 mmol L −1 . Calcium chloride is excluded from the resin due to the Donnan repulsion effect [22] . The bed porosity can thus be determined from the retention time, t R CaCl 2 , of the injected pulse of 10 L as:
Note that throughout this work, all presented retention times and elution profiles have been corrected by the extracolumn dead time, measured by pulse-injections of a glucose solution through a column-bypass. For pulse-injection experiments of sugars, pure water was used as eluent. Solutions were prepared using an analytical balance (Mettler Toledo AX205 DeltaRange) and Millipore water. Either pure d-fructose (Sigma Aldrich, purity >99%) or pure d-glucose (Sigma Aldrich, purity >99.5%) in solution (2 g L −1 ) was used and pulse injections of 10 L injection volume were performed. The elution profiles were detected by the RI detector and converted into concentration profiles assuming a linear relationship between detector signal and liquid phase concentration.
Results
Experimental campaign
In order to determine the reaction kinetic and adsorption equilibrium parameters required in the chromatographic model (see Section 2.2), pulse injection experiments at different flow rates between 0.1 and 1.4 mL min −1 and at constant temperature were performed. The flow rates were increased until the pressure limit of the column (60 bar) was approached at the specified temperature. To investigate the temperature dependence of reaction rate and Henry constants, experimental series were performed at different temperatures. Temperature ranges were chosen in such a way that peak distortion (due to an interplay of chemical reaction and adsorption) was clearly visible. Experiments were performed at measured temperatures of 21, 38, 54 and 72 • C for glucose, and of 11, 17 and 21 • C for fructose.
The obtained elution profiles (over elution time) are presented in Figs. 3 and 4 for glucose and fructose, respectively. They illustrate the effect of the flow rate and temperature on the extent of reaction. The trends are the same for both sugars but the interconversion is much faster in the case of fructose, resulting in more distorted peaks even at rather low temperature. In the case of glucose, the predominant species is less retained, resulting in a larger first peak, while for fructose, the less abundant furanose forms are eluted earlier.
The effect of changing the flow rate at constant temperature is illustrated in Fig. 5 . At constant temperature, the retention volume of the unreacted forms, corresponding to the position of the peak maxima in Fig. 5b , remains constant (within a certain margin of experimental error, which is very low, as can be deduced from the zoomed elution profiles in Fig. 5b ). In turn, the retention time (see Fig. 5a ) is inversely proportional to the flow rate. With decreasing flow rate, the retention time and thus the time available for the interconversion increases, resulting in an increase of the number of molecules that have interconverted at least once while trav- 
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eling along the column. The peak maxima in the chromatograms decrease and the level of the intermediate plateau rises. The impact of temperature on the elution profiles can be clearly observed in Figs. 3 and 4 . Varying the temperature affects the Henry constants (see Eq. (4)), leading to changing peak positions at constant flow rate. Additionally, reaction rates increase with temperature (discussed in Section 4.4.2), thus interconversion becomes more dominant at higher temperatures than chromatographic separation; as a consequence one observes peak coalescence.
Apparent dispersion coefficient
The apparent dispersion coefficient D a can be estimated through the number of theoretical plates N T or the plate height H T [19] :
where v = u/ is the interstitial velocity. The number of theoretical plates N T , is typically determined through pulse injections, from the peak width at half height w 1/2 and the retention time t R of the eluting peak, as:
In this work, peaks corresponding to the unreacted, predominant species (form 1 in the case of glucose and form 2 in the case of fructose) were used. For an accurate determination of N T , the effect of the area corresponding to interconverted molecules on w 1/2 of the peak corresponding to the unreacted form has to be negligible. 
Henry constants
The Henry constants of the unreacted forms 1 and 2 of fructose and glucose were obtained from the positions of the peak maxima corresponding to the unreacted forms. The adsorption behavior was assumed to be linear, considering the low concentration range relevant in this contribution, as well as adsorption data reported in the literature [3, 7] . From the retention times t R i the Henry constants of the forms i = 1, 2 were determined using the following, well-established equation:
Not all measurements of the experimental campaign reported above were considered for the calculations. The plateau corresponding to the interconverted molecules shifts the peak maxima (associated with the unreacted forms) if the extent of the reaction is too large. Therefore, only measurements with a low connecting bridge between the peak maxima were considered, thus excluding those at low flow rates and at high temperatures. No data was obtained for the experimental series performed with glucose at 72 • C. The Henry constants at the different temperatures were determined as the average of the values obtained at different flow rates (2-4 values per temperature and species were available). The values for the two sugars are summarized in Table 1 . It can be noted that fructose, featuring higher Henry constants, is more retained than glucose, and that the selectivity between the two structural forms 1 and 2 (ratio of the Henry constants) is higher for fructose. The temperature dependence is expressed using the Van't Hoff equation (3) . The pre-exponential factor H 0 i and the heat of adsorption H ads i were determined by linear regression of the measured ln(H i ) vs. 1/T (see Fig. 7) , their values are reported in Table 2 .
Glucose form 2 and both fructose forms exhibit a negative heat of adsorption H ads i , hence an expected decrease in Henry constant (and thus in affinity to the adsorbent) with increasing temperature. In contrast, glucose form 1 exhibits an unexpected opposite trend. However, the temperature effect for glucose form 1 is rather small, corresponding to a change in elution volume of the peak maximum of only around 2% of the column void volume for a change in temperature of 20 K. are very similar, thus indicating a similar selectivity H 1 /H 2 . The latter can be ascribed to the chemical similarity of the two resins (both in Ca-form), such that interactions between sugars and sorbent can be expected to be similar.
The similarities between this work and that of Carta and Mahajan [9] indicate a substantial consistency, especially when considering the different types of adsorbents and different fitting procedures utilized.
Reaction rate parameters 4.4.1. Estimation of reaction rate constants by the peak area method
Apparent reaction rate constants as defined in Eq. (7), describing the overall interconversion in the liquid and the adsorbed phase combined, were fitted according to the procedure described in Section 2.3. To this aim, the logarithmic ratios ln N u i /N tot 
1/T [K]
× 10 , was estimated by mirroring the front or back half of the peak (for front and back peaks, respectively), at an axis through the peak maximum, and calculating the peak's area.
The values of ln N u i /N tot obtained in this way are plotted against the retention times of the two species in Fig. 8 . The reaction rate constants at the different temperatures were obtained from the slope of the regression line and are reported in Table 3 . Note that all symbols of the same type (circles, squares, triangles) were used to fit one reaction rate constant k ). The filled symbols were not considered for the fit for reasons that are discussed in the following.
The accuracy of values of ln N u i /N tot , and thus of the applied fitting procedure, decreases with increasing reaction rates. At high temperatures (where reaction rates are high), and especially in the case of smaller peaks corresponding to the less abundant species, large zones of interconverted molecules affect the peak shapes and the position of peak maxima. This compromises the accurate determination of the logarithmic ratios ln N u i /N tot . Due to the lack of reliability, the glucose data of the less abundant form 2 at a temperature of 54 • C, as well as all the data of the less abundant form 1 of fructose, was excluded from the fit (values are marked as filled symbols in Fig. 8 ). Elution profiles of glucose at a temperature of 72 • C, as well as at the lowest two flowrates at 54 • C were completely excluded from the analysis, as peaks corresponding to unreacted forms were no longer visible.
Temperature dependence of rate constants
The temperature dependence of the apparent rate constants was investigated assuming an Arrhenius relationship [23] : [9] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 4 Arrhenius parameters for the apparent reaction rate constants of both forms 1 and 2 of the two sugars.
Peak area method Inverse fitting Table 4 (column "peak area method"). As expected, all slopes are negative as the reaction speeds up with an increase in temperature. For glucose, activation energies for both forward and backward reaction are identical, which follows from the fact that the equilibrium constant was assumed to be independent of temperature.
Inverse fitting and validation of model parameters
As discussed in Section 4.4.1, the applied fitting method based on peak areas is simple and computationally inexpensive, but bears the shortcoming of low accuracy at a high extent of interconversion (i.e. at high temperatures and/or low flowrates). In addition, as only experimental profiles with clearly visible peaks of unreacted species can be used in the fitting, the range of conditions for parameter determination is very limited. With the aim of improving accuracy and reliability of the reaction kinetic parameters k 0 i and E A i , we have performed an inverse fitting, providing the parameters estimated in Section 4.4.2 as initial guess.
For the inverse fitting, elution profiles were simulated using the model presented in Section 2.2, and assuming the same conditions as those of the pulse injection experiments. Dispersion and adsorption parameters estimated in Sections 4.2 and 4.3 were used for the simulations. Reaction kinetic parameters k 0 i and E A i were then adjusted iteratively to minimize the error between simulated and experimental elution profiles. To reduce the computational effort, only two conditions (highest and lowest flowrate) at each temperature were considered in the fit, resulting in eight operating conditions for glucose and in six for fructose. Error minimization was achieved with a Matlab built-in genetic algorithm, constraining the parameter space to ±10% (glucose) and ±20% (fructose) around the initial parameter values of k 0 i and E A i , and providing the values estimated by the peak area method as initial guesses. One should note that, by fitting reaction kinetic parameters of species 1 and 2 independently, the ratios k Parameter values resulting from the inverse fitting procedure are reported in Table 4 , and the Arrhenius relationships are further presented as solid blue and red lines in Fig. 9 . Rather small changes of the parameter values between the initial guesses (peak area estimation) and the values obtained by inverse fitting can be noted, with a maximum change of around 3.5% of the parameter values for glucose and of around 10% for fructose. From the illustration in Fig. 9 , it is obvious that the new relationships (solid lines) deviate from the data points (open circles), which were obtained with the peak area method and thus are prone to the inaccuracies discussed in that context. In contrast to the previous Arrhenius relationships (dashed lines), which were directly obtained by linear regression through the data points, the new relationships are based on the fitting of the entire elution profiles, hence they are not related to those specific data points.
Comparison of reaction kinetic parameters with literature data
In comparison with the results of Carta and Mahajan [9] , presented as solid black lines in Fig. 9 , it can be noted that the slopes (corresponding to activation energies), as well as the absolute values in the experimentally investigated range are of the same order of magnitude, as expected due to the use of chemically similar resins (Ca-form).
The data of glucose was also compared to the results of Baker and Himmel [5] , who estimated the reaction rate constant at 1.5 • C in the presence of a resin of similar type (HPX-87C column, 8% cross-linking, Ca-form, particle size 9 m), with the peak area method. Values of 1.1 × 10 −5 s −1 and 1.6 × 10 −5 s −1 for species 1 and 2, respectively, were reported. Calculating rate constants at 1.5 • C with the Arrhenius relationship and with parameter values estimated from the peak area method (see Table 3 ) yielded values of 1.02 × 10 −5 s −1 for species 1 and 1.76 × 10 −5 s −1 for species 2. Lower values of 0.60 × 10 −5 s −1 (species 1) and 1.07 × 10 −5 s −1 (species 2) were obtained when using parameter values from the inverse fitting. These rates are in good agreement with the predictions of Baker et al., especially considering that the temperature of 1.5 • C lies outside the experimental temperature range of this contribution.
Comparison of simulated and experimental profiles
Elution profiles (for all conditions investigated experimentally) were simulated both based on parameters obtained from the peak area method in Section 4.4.2 (see Appendix, Figs. A.11 and A.12) and with the parameters obtained from the inverse fitting (see Figs. 3  and 4) , using the numerical model introduced in Section 2.2. A considerable improvement in the description of experimental profiles from the initial (peak area method) to the final parameter values can be noted for both glucose and fructose. The accurate description of experimental profiles for both sugars does not only confirm the reaction kinetic parameters fitted in Section 4.4.3, which mainly determine size and shape of the interconversion zone, but also the dispersion coefficients and adsorption parameters estimated in Sections 4.2 and 4.3, which affect widths and positions of peaks corresponding to the unreacted forms.
While the entire set of experimental glucose profiles can be described quantitatively, some noticeable differences between experiments and simulations can be observed for fructose (especially concerning the shape of the interconverted zone, and the relative peak heights of unreacted species 1 and 2). In this context, one should keep in mind the considerable simplifications made for the fructose system for modeling purposes, i.e. merging two structural forms (furanose forms) into one single species 1, and entirely neglecting another form (˛-pyranose). The simplifications of the fructose system can likely lead to the observed mismatch between experiments and simulations. On the other hand, considering the system of four structural forms without simplifications would complicate the model, considerably increase the number of parameters to be determined (interconversion between and adsorption of 4 species), and pose a major experimental challenge, namely that of to determining the large number of parameters for species which can hardly be detected.
Reaction rates in the stationary phase
Since rate constants in the mobile phase (i.e. in aqueous solution) are available in the literature, the rate constants in the stationary phase can be estimated from the apparent rate constants using Eq. (7) . Comparison of the rates in mobile and adsorbed phase allows to determine catalytic or inhibiting effects of the sorbent. Note that in this section, we only consider the glucose system, since the physical relevance of model parameters determined for the fructose system is limited, considering the discussed model simplifications.
Reaction rate constants for both glucose anomers in water are given by LeBarc'H et al. [24] for a range of temperatures between 30 and 45 • C, whilst Ballash and Robertson [16] provides the sum of the rate constants of both glucose anomers between 15 and 35 • C. From these sums, values of the rate constants of forms 1 and 2 in water were obtained through the ratio of the rate constants k m 2 /k m 1 , assuming a constant value of 1.72 as discussed in Section 2.1.
From the literature values of reaction rate constants in the mobile phase and from apparent reaction rate constants k app i calculated with the Arrhenius equation (parameters obtained through inverse fitting), the reaction rate constants in the stationary phase k s i were estimated using Eq. (7). The results are summarized in Table 5 and Fig. 10 .
The reaction rate constants for the stationary phase are of the same order of magnitude of, or (at high temperatures) slightly larger than the ones in solution. This indicates a minor catalytic effect of the resin. In earlier contributions, it was observed that the [24] and darker shades from [16] ), adsorbed phase (diamonds, obtained through calculation) and apparent reaction rate constants between 15 and 45 • C for both glucose anomers. Values for species 1 and 2 are indicated in blue and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 5 Reaction rate constants for glucose anomers 1 and 2 in adsorbed and mobile phase as well as apparent reaction rate constants (calculated with the Arrhenius relationship using parameters obtained by inverse fitting). Reaction rate constants in the mobile phase are taken from the literature. Literature sources [16, 24] are given in superscripts.
Species 1 15 0.27 0.56 [16] 0.79 24.7 0.66 1.36 [16] 1.96 25 0.68 1.45 [16] 1.93 30 1.06 2.57 [24] 2.53 35 1.62 2.84 [24] 5.47 35.2 1.65 3.64 [16] 4.46 40 2.46 3.45 [24] 9.46 45 3.67 4.63 [24] 14.8
Species 2 15 0.41 0.97 [16] 0.72 24.7
1.01 2.33 [16] 1.89 25 1.04 2.49 [16] 1.94 30 1.62 4.00 [24] 2.76 35 2.49 4.28 [24] 6.32 35.2 2.53 6.26 [16] 4.35 40 3.77 5.15 [24] 11.1 45 5.65 6.73 [24] 17.9
complexation of sugar molecules with cations has a catalytic effect on the interconversion reaction both in aqueous solution [25, 26] or when attached to a cation-exchange resin [5] . However, in both cases (aqueous solution or presence of an adsorbent), the effect of Ca 2+ ions, which is investigated in this contribution, was found to be insignificant or less significant than that of other ions, such as Cu 2+ or Pb 2+ [5, 26] . Similar values of rate constants in the stationary and the mobile phase determined in the current work are thus in line with the findings in literature.
Conclusion
In this work, we investigated the interplay of mutarotation and chromatographic separation of sugars both qualitatively and quantitatively. Adsorption and reaction kinetic parameters were estimated through a simple fitting method, based on elution times of peak maxima and on the evolution of peak area ratios over residence time in the chromatographic column. Values for reaction kinetic parameters were further refined by an inverse fitting procedure, with parameter values resulting from the peak area method as an initial guess, and using a numerical mass balance model. The enhanced parameters yielded a very good agreement between simulations with the chromatographic model and experimental profiles. Parameter values were further verified through a comparison with literature data. From the determined apparent reaction rate constants and using literature data for rate constants in aqueous solution, reaction rate constants in the adsorbed phase could be estimated and interpreted.
The high accuracy of the estimated model parameters for the glucose system allows for a reliable prediction of the interplay of interconversion and chromatographic separation over a rather broad range of operating conditions. As an example, the temperature of peak coalescence of the two anomers can be determined accurately for specific flowrates (roughly ranging between 50 and 60 • C from low to high flowrates). While adsorption parameters are specific for the utilized sorbent, reaction kinetics should be generally applicable to Ca-form PS-DVB resins, since no significant effect of the sorbent on the reaction kinetics was observed.
Chromatographic separation processes are well established in the sugar industry, and are commonly performed at elevated temperatures, where the mutarotation is fast and the components elute as a mixture of the different forms. However, the effect of mutarotation on elution profiles in the context of sugar separations has been discussed rarely [5, 9, 11] , and has not been investigated in the recent years. Besides providing a quantitative and in depth analysis of adsorption and reaction properties for these systems, this paper intends also to raise awareness of the existence and the impact of mutarotation on the chromatographic separation performance, as it can result in distorted profiles, especially at low to moderate temperatures. 
